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iabetes is a leading contributor to chronic and endstage kidney disease and is often associated with hypertension. 1 Urinary elaboration of protein represents 1 of the earliest clinical manifestations of diabetic kidney disease. 2 Proteinuria is associated with increased BP and predicts onset of hypertension. 3À7 Although urinary albumin is commonly monitored clinically as a marker of proteinuria, additional bloodstream proteins traverse damaged glomeruli and appear in the urine. Among these is the thrombolytic protease plasmin and its precursor, plasminogen.
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In experimental systems, plasmin, in conjunction with the trans-Golgi protease furin, proteolytically removes an imbedded inhibitory tract from the gsubunit of the ENaC, thereby increasing open probability. 16, 17 Activation of ENaC via this mechanism has been suggested to promote renal Na þ retention and increased BP in the context of proteinuria. 12 ,18À30 Evidence implicating ENaC in proteinuria-associated renal Na þ -retention includes findings that nephrotic laboratory animals experience enhanced Na þ reabsorption that is prevented by the ENaC blocker amiloride. 31, 32 Furthermore, in diabetic humans, amiloride's ability to induce natriuresis is enhanced in people with proteinuria.
A role for plasmin in Na þ retention is suggested by observations that urinary levels of plasmin and its precursor, plasminogen, are associated with increased extracellular fluid volume and BP. 9, 10, 30 Moreover, serine protease inhibitors attenuate urinary Na þ retention in animal models of nephrotic syndrome and hypertension. 34À36 Thus, enhanced renal Na þ retention in individuals with increased urinary plasmin(ogen) may promote subsequent increases in BP. We hypothesized that in subjects with type I diabetes (T1D), who often experience proteinuria, increased baseline urinary plasmin(ogen) would be associated with a subsequent increase in BP, risk of incident hypertension, and, by extension, an increase in cardiovascular mortality. We thus examined plasmin(ogen) levels in urine specimens collected prospectively through the EDC, a cohort of subjects with T1D enrolled from 1986 to 1988 and followed up for >25 years. 37, 38 We examined the association between baseline urinary plasmin(ogen) levels normalized to creatinine (uPl/Cr) with BP and with baseline urinary albumin levels normalized to creatinine (uAlb/Cr). We further examined whether uPl/Cr was associated with a subsequent increase in BP, incident hypertension, or mortality in this cohort.
METHODS
The present investigation represents an observational pilot substudy performed using longitudinally collected data and specimens.
Study Population
Recruitment of participants occurred as part of the EDC Study, previously described in detail. 39, 40 Briefly, study subjects (n ¼ 658 examined at baseline) carried a diagnosis of childhood-onset (<17 years of age) T1D and had been initially diagnosed (or seen within 1 year of diagnosis) at the Children's Hospital of Pittsburgh between 1950 and 1980. Following enrollment in 1986 to 1988, subjects were followed up with biennial clinical examinations for the first 10 years, biennial questionnaires thereafter, and additional clinical evaluations at 18 and 25 years. For the current study, a nested subset of subjects was selected to provide a spectrum of baseline urinary protein levels: one-third with no clinical albuminuria (<30 mg/g albumin/ creatinine), one-third with microalbuminuria (30À300 mg/g), and one-third with macroalbuminuria (>300 mg/g). Choice of subject was blinded to clinical outcomes. Specimens from study baseline (1986À1988) and those at 25 years (2011À2013) were examined. All participants provided written informed consent for the study, which was approved by the University of Pittsburgh institutional review board.
Clinical Variables
At each clinical examination, 3 BP readings were taken from seated participants initially using a sphygmomanometer that was random-zero, updated to aneroid at 18-and 25-year follow-up visits. The mean of the second and third readings was used in analyses, according to the Hypertension Detection and Follow-up Program protocol. 41 Blood pressure medication use was ascertained through self-report.
For determination of kidney function, blood samples were collected from study subjects at each clinical visit. Serum creatinine was measured using an Ektachem 400 Analyzer (Eastman Kodak Co., Rochester, NY). Estimated glomerular filtration rate (eGFR) was calculated from demographic variables and serum creatinine using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. 42 Study subjects provided urine specimens at each clinic visit. Urine albumin levels were measured using immunonephelemetry and normalized to urine creatinine measured via Ektachem 400 Analyzer, as previously reported. 43 Units for uAlb/Cr are mg/g or log(mg/g). For urinary plasmin(ogen) measurement in the present study, archived specimens stored at À80 C were thawed on ice and centrifuged at 10,000 g for 15 minutes at 4 C to remove particulate matter. Specimens were then diluted 10-to 100-fold before plasmin(ogen) measurement via enzyme-linked immunosorbent assay (Innovative Research, Novi, MI). Although this method does not distinguish active plasmin from plasminogen, results using this assay correlate well with urine plasmin as measured by immunoblot. 44 Urinary plasmin(ogen) was normalized to urine creatinine measured by enzymatic creatinine assay (Pointe Scientific, Canton, MI). Final units are in mg/g creatinine or log(mg/g).
Urine Na þ and K þ concentrations were measured using flame photometry (Jenway, Staffordshire, UK) after 500-fold dilution and passage through a 0.2-mm filter.
Outcomes
Primary study outcomes included increase in BP over a 2-year period and 25-year incident hypertension; secondary outcomes included 25-year all-cause and cardiovascular mortality. Because only 4 subjects developed incident hypertension in the 2-year period between the first and second study visits, increase in BP was used as a study outcome. To avoid misstratification of subjects resulting from variability in BP measurement, an increase in BP was defined as an increase in systolic BP (SBP) or diastolic BP (DBP) of at least 1 SD over baseline (2.7 mm Hg for SBP or 2.4 mm Hg for DBP). Individuals started on a new antihypertensive agent were also regarded as having higher BP. Analysis of BP change as a continuous variable was not examined, as this would not account for the significant impact of initiation of new antihypertensive agents. Long-term outcomes examined hypertension incidence, defined as the first instance of BP $140/90 mm Hg or prescription of a medication explicitly for BP control during the 25-year follow-up. Mortality was ascertained over 25 years using death certificates, autopsy reports, medical records, and/or interviews with next of kin. Causes of death were classified using all available information according to the Diabetes Epidemiology Research International system by a committee of physicians. 45 Cardiovascular mortality was defined as fatal coronary artery disease, myocardial infarction, or stroke as either the primary or a contributing cause of death.
Statistical Analyses
A preliminary pilot study and power analysis were performed to determine the number of subjects required to provide adequate power to examine the association between uPl/Cr and the primary outcome of hypertension incidence. The preliminary study included 7 subjects in each of 3 groups: no clinical albuminuria (<30 mg/g albumin/creatinine), microalbuminuria (30À300 mg/g), or macroalbuminuria (>300 mg/g). A sample size of 70 provided 90% power to detect a HR of 1.90 for hypertension incidence associated with a 1-unit increase in log(uPl/Cr), given our observed event rate of 66% and SD of 0.74 for log(uPl/Cr) Study subjects were stratified on the basis of uPl/Cr tertile, and those from the highest tertile ($34.9 mg/g) were compared to subjects from the combined 2 lower tertiles. In a previous, cross-sectional study examining subjects with diabetic nephropathy, uPl/Cr in excess of this level was observed in roughly two-thirds of diabetic nephropathy subjects but in no control subjects. 8 Baseline characteristics were compared between uPl/Cr categories (highest tertile vs. all others) using 2-sample t tests (or Wilcoxon rank-sum test, if data were not normally distributed). Regression analyses were performed using continuous uPl/Cr, which was log transformed to reduce skew. Logistic regression models were used to estimate the association between uPl/Cr and the odds of increased BP in the first 2 study years. Receiver operating characteristic (ROC) curves were fitted for both uPl/Cr and uAlb/ Cr to evaluate evidence for a threshold effect on the odds of increased BP. Nine subjects did not attend the 2-year study visit and were excluded from the complete-cases analysis of BP change. Areas under the curves (AUCs) were compared using the DeLong test. KaplanÀMeier curves were fitted separately for survival free of hypertension, cardiovascular death, or death from any cause. Survival curves by uPl/Cr categories were compared using the log-rank test. Cox proportional hazards models were used to estimate the association between uPl/Cr and the risk of incident hypertension, cardiovascular death, or death from any cause over the entire 25 years of follow-up. Subjects not experiencing an event were censored at their most recent follow-up time. The mean follow-up time until an event or censoring was 22 years (SD ¼ 6.5). Models were also fit adjusting individually for T1D duration, sex, eGFR, body mass index (BMI), SBP, and DBP. Age was not included in the fully adjusted multivariable models because of its high correlation with duration of T1D (r ¼ 0.82). Because increased BP may promote transudation of plasma proteins across the glomerular barrier, and because albumin may serve as a surrogate for nonspecific proteinuria, separate modeling offering the abovementioned variables plus uAlb/Cr was also performed. Fully adjusted multivariable models estimating the association between uPl/Cr and the outcomes were selected by first including uPl/Cr and then using backward elimination for the remaining covariates with a removal criterion of P ¼ 0.05. Quality of model fit was assessed using the Akaike Information Criterion. The proportional hazards assumption was assessed graphically and by including a time-dependent form of uPl/Cr in the Cox models. No violations of the proportional hazards assumption were observed.
RESULTS
At baseline, subjects were normotensive on average with mean eGFR 104.0 AE 24.6 ml/min per 1.73 m 2 . Of the subjects, 20% had prevalent hypertension, and only 14% were prescribed antihypertensive medications (Table 1) . Participants with uPl/Cr in the highest tertile had significantly higher SBP and DBP and significantly lower eGFR. There were no differences in age, T1D 
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uPl/Cr and Blood Pressure
Baseline uPl/Cr correlated positively with both SBP and DBP ( Figure 1 ). In addition, uPl/Cr correlated with uAlb/Cr (see Supplementary Figure S1 ) and inversely correlated with eGFR (r ¼ À0.35, P ¼ 0.003). Baseline uPl/Cr was not correlated with age, T1D duration, or BMI. In the subset of subjects with uPl/Cr measured at baseline and after 25 years (n ¼ 21), there was no significant change in uPl/Cr level between measurements. There was no correlation of uPl/Cr with urinary Na þ /K þ (see Supplementary Figure S2 ).
To examine whether uPl/Cr was associated with short-term worsening of BP (increased BP or addition of a BP medication), we compared baseline uPl/Cr with prospectively collected BP data ( Figure 2 ). Baseline uPl/ Cr was higher (P ¼ 0.04) in subjects who went on to experience a worsening of BP between the first and second study visits (w2 years). The difference in baseline urinary albumin in these subjects also approached statistical significance (P ¼ 0.07). Frequency of 2-year increase in BP was compared in each uPl/Cr and uAlb/Cr tertile ( Table 2) .
The odds of increased BP increased with higher uPl/ Cr with borderline statistical significance (P ¼ 0.06) ( Table 3) . Adjustment for additional covariates did not improve the fit of the model. No evidence for a threshold effect of either uPl/Cr or uAlb/Cr was observed using receiver operating characteristic curves. The areas under the curve did not differ (uPl/Cr area under the curve ¼ 0.65 vs. uAlb/Cr area under the curve ¼ 0.62, P ¼ 0.45). Baseline uPl/Cr was not higher in individuals who experienced increased BP at 4 and 6 years (P ¼ 0.96 and P ¼ 0.62, respectively).
uPl/Cr and Incident Hypertension Analyses of hypertension incidence during the 25-year follow-up excluded 14 subjects with prevalent hypertension at baseline. In subjects experiencing incident hypertension, baseline uPl/Cr and uAlb/Cr were both higher than in individuals not experiencing incident hypertension (Figure 2 ). Survival analysis revealed that the group of individuals with uPl/Cr in the top tertile experienced a significantly greater rate of incidence of hypertension than the group with lower uPl/Cr. In univariate analysis, uPl/Cr was associated with an increased risk of incident hypertension (Table 3 ). In models where T1D duration, sex, body mass index, SBP, DBP, and eGFR were offered for adjustment, only T1D duration, uAlb/Cr, and DBP were retained after backward elimination. The association between uPl/Cr and hazard of incident hypertension was lost after adjusting for uAlb/Cr.
uPl/Cr and Mortality
In subjects experiencing death from any cause (n ¼ 16), baseline uPl/Cr was marginally higher than in those who survived (n ¼ 54); uAlb/Cr was significantly higher (Figure 3) . In univariate analysis, continuous uPl/Cr was significantly associated with an increased risk of all-cause mortality (Table 3) . In multivariable models, T1D duration, sex, BMI, SBP, DBP, and eGFR were offered for adjustment. After backward elimination, only T1D duration was retained, but it did not affect the strength of the association between uPl/Cr and mortality. Adjusting for uAlb/Cr attenuated the correlation between uPl/Cr and all-cause mortality. The all-cause mortality risk in subjects in the top uPl/Cr tertile was similar to individuals in the lower tertiles.
In subjects experiencing mortality due to cardiovascular causes (n ¼ 5), baseline uPl/Cr and uAlb/Cr were higher than in those who did not die of cardiovascular causes (n ¼ 65). Likewise, subjects in the top uPl/Cr tertile experienced significantly greater risk of cardiovascular death compared to individuals with lower uPl/ Cr. Hazard of death due to cardiovascular causes also rose significantly with increasing uPl/Cr (Table 3) . After offering the same covariates described above for multivariable adjustment, only uPl/Cr remained after backward elimination of other covariates. Adjusting for uAlb/Cr did not improve the fit of the model. However, if Figure S3) .
DISCUSSION
We observe that uPl/Cr correlates well with SBP and DBP in this relatively young T1D cohort on few antihypertensive agents. Baseline urinary plasmin(ogen) is higher in subjects who go on to experience increased BP over 2 years than in those who do not. Baseline uPl/ Cr is also associated with greater hazard of incident hypertension over 25 years and greater risk of cardiovascular, but not all-cause, mortality.
Our cross-sectional findings are consistent with previous reports demonstrating an association of urinary plasmin(ogen) and BP. 9, 10 Although the strength of the association in previous studies was modest, the correlation was likely attenuated by the use of multiple antihypertensive agents in study subjects. The EDC provided a unique opportunity to examine the correlation between BP and urinary plasmin(ogen) from a group of young patients with little baseline hypertension and using data collected at a time prior to the common use of antihypertensive agents for proteinuria (1986À1988). Consequently, findings presented here demonstrate a stronger correlation between urinary plasmin(ogen) and BP than has previously been reported.
To evaluate for evidence of increased tubular cation exchange related to activation of ENaC, we examined the association between uPl/Cr and urinary Na þ /K þ . We did not detect a significant correlation between these variables, perhaps because dietary intake was not standardized. Oxlund et al. were similarly unable to Only log(uPl/Cr) was retained after backward selection.
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Although cross-sectional analyses confirm an association between BP and urinary plasmin(ogen), a causeand-effect conundrum complicates interpretation of these findings. Increased plasmin may promote hypertension by stimulating Na þ retention, but increased BP also likely promotes urinary leakage of proteins, including plasminogen. Longitudinal analysis provides additional insight. Persistent stimulation of Na þ retention by plasmin may promote increased BP over time, but the resulting increase in BP cannot be implicated in increasing previous urinary plasmin(ogen) levels. This represents the first long-term study examining the value of urinary plasmin(ogen) in predicting clinical outcomes. For every log-unit increase in uPl/Cr, we observe 2.3-fold higher odds of experiencing increased BP over 2 years. The frequency with which subjects experienced increased BP over this period trended upward as a function of uPl/Cr tertile, but did not achieve statistical significance. This trend was similar to the trend observed with increasing uAlb/Cr tertiles. Individuals experiencing incident hypertension over roughly 25 years demonstrated elevated baseline urinary plasmin(ogen) as well as albumin. Although risk of incident hypertension increases with increasing urinary plasmin(ogen), inclusion of urinary albumin improved the regression model and rendered insignificant the association of urinary plasmin(ogen) with hazard of incident hypertension. The relationship between baseline plasmin(ogen) and mortality are provocative. We have previously shown in the EDC cohort that excess mortality is statistically explained by increased albuminuria, 43 consistent with earlier data from the FinnDiane study. 46 It is intriguing that, in the present study, individuals experiencing cardiovascular mortality had elevated baseline plasmin(ogen). Consistent with a role for plasmin in increasing the risk of mortality by promoting hypertension, the association of plasmin(ogen) with cardiovascular mortality was stronger than the association with all-cause mortality. Modeling risk of cardiovascular mortality was not improved by adjustment for uAlb/Cr, if uPl/Cr was already included in the model. When examined separately, uPl/Cr and uAlb/Cr resulted a similar model fit with respect to cardiovascular mortality risk. A small number of events underlies these findings, and a larger cohort would be necessary to examine whether plasmin(ogen) improves prediction of cardiovascular mortality over albumin alone.
The results of this study should be viewed in light of important limitations. The observational design of the study limits the strength of inferences. Also, with the possible exception of increase in BP over 2 years, plasmin(ogen) generally did not predict outcomes better than albumin. A recent study in women with T1D similarly found that increased urinary plasmin(ogen) predicted increased risk of preeclampsia, although not better than urinary albumin. 47 Distinguishing effects due to urinary plasmin(ogen) from albumin is challenged by a size disparity between the 2 proteins. Glomerular damage sufficient to allow transudation of plasminogen (w91 kDa) would also be expected to allow passage of albumin (w69 kDa). Thus, our findings do not exclude the possibility that other factors associated with albuminuria promote hypertension. Few reported studies examine the relationship between urinary concentration of filtered proteins and cardiovascular outcomes, and review of the literature revealed no examples demonstrating that urinary concentration of plasma proteins can be separated from cardiovascular outcomes.
In conclusion, this study represents the first long-term, longitudinal study examining clinical outcomes associated with increased urinary plasmin(ogen) and provides evidence consistent with a role for plasmin(ogen) in promoting increased BP, but demonstrates the challenge of differentiating the effects of urinary plasmin(ogen) from those of albuminuria on hypertension.
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